Although there is strong evidence that certain activities can increase bone density and structure 29 in some individuals, it is unclear what specific mechanical factors govern the response. This is 30 important because understanding the effect of mechanical signals on bone could contribute to 31 more effective osteoporosis prevention methods and efficient clinical trial design. The degree to 32 which strain rate and magnitude govern bone adaptation in humans has never been prospectively 33 tested. Here, we studied the effects of a voluntary upper extremity compressive loading task in 34 healthy adult women during a twelve month prospective period. One hundred and two women 35 age 21-40 participated in one of two experiments. (1): low (n=21) and high (n=24) strain 36 magnitude. (2): low (n=21) and high (n=20) strain rate. Control: (n=16): no intervention. Strains 37
Where E is the strain stimulus for the entire loading bout, is the frequency value for bin i, and 217 is the peak-to-peak strain magnitude of frequency component i. A cutoff of 5 Hz was selected, 218 based on analysis of the load cell frequency content, which showed that over 95% of the signal 219 power was <2 Hz. We also calculated peak-to-peak strain magnitude and strain rate for the 220 loading portion of each cycle for each subject and each loading bout. Because voluntary loading 221 produced variable and sometimes inconsistent loading signals, we evaluated several candidate 222 measures of "loading dose", which was intended to serve as an overall metric of mechanical 223 loading, considering strain parameters and protocol compliance. We considered the following Descriptive statistics were calculated and data normality was assessed. Group demographics 231 and loading dose received were compared using ANOVA and the Bonferroni-corrected post hoc 232 t-test. Analyses were initially by intention to treat. The hypothesis that bone mass would 233 increase proportionally to the applied strain magnitude (Experiment 1) was tested in two ways. 234 First, subjects were analyzed by group (control vs. low and high strain magnitude groups). For 235 the group analysis, the 12-month change in ultradistal iBMC was analyzed as the primary 236 dependent variable in a linear regression model with coefficients representing contrasts between 237 each of the two experimental groups and the control group. The secondary outcome measures 238 were also compared between groups using regression models based on the change scores at each 239 of the time points (change from baseline). Similar analyses were performed to examine the effect 240 of strain rate on bone (Experiment 2).
In the second analysis, we considered "loading dose" achieved by each subject as a 242 continuous variable, with the dose for control subjects being zero. Because dose includes both 243 magnitude and frequency components, all groups were combined into a single regression model 244 with the 12-month change in radius ultradistal iBMC as the primary outcome. The secondary 245 outcome measures were also considered. To test the hypothesis that bone structural changes 246 would include increased cross-sectional area and cortical thickness, and increased endocortical 247 density, these factors were treated as dependent variables in linear regression models, similar to 248 the previous analyses. We assessed the F-statistic of the overall regression, and the t-statistic of 249 each explanatory variable, considering =0.05 to be significant. As an exploratory post hoc 250 analysis, subjects were grouped into tertile based on the change in ultradistal iBMC. Subject 251 demographics, baseline values, and loading dose were compared between tertiles, in order to 252 gain insight into what factors were associated with the most gains in ultradistal iBMC.
253
Bonferroni-adjusted post hoc t-tests were used to compare individual tertiles.
254

Results
255
Participant Characteristics
256
Baseline characteristics are summarized in Table 1 and were not different between 257 experimental groups. Sixty-six subjects completed the study and were included in the 12-month 258 analysis. Seventy-seven subjects had some follow-up data available and were included in our 259 analyses of interim time points ( Figure 2 ). On average, subjects assigned to one of the loading 260 groups completed 85 (SD: 92) loading bouts in total. However, the total number of loading 261 bouts varied considerably, from 0 to 357. All measures of loading dose were significantly 262 greater for loading groups than for controls (p≤0.046; Table 1) 263 Adverse Events 264 There were no serious adverse events. Temporary soreness of the loaded wrist was the 265 most commonly reported adverse event (28% of subjects; 29 reports). Two of these subjects 266 noted that this briefly affected their daily activities (did fewer chores or avoided exercises that 267 weighted the hands), and one took ibuprofen. Eight subjects reported soreness at other sites (elbow, shoulder, hand) , which included aggravation of previous injuries (e.g. shoulder pain 269 from an injury that was several years old) that they thought might be due to the loading 270 intervention. All subjects reported that soreness resolved within 3-14 days. Five subjects 271 reported that pain from previous injuries temporarily prevented them from completing the 272 assigned loading, but did not believe this was caused or aggravated by the intervention. None of the regression models that included strain magnitude groups were significant for 278 overall model fit, although the membership in the low strain magnitude group was associated 279 with slight gains in ultradistal iBMC (p=0.041), and consistent and significant increases in CSA, 280 iBV and ecBV that indicated periosteal expansion (Table 2) . Strain rate had a stronger effect on 281 12-month change in QCT variables than did strain magnitude ( Figure 3 ). In models comparing 282 the low and high strain rate groups to the control group, both loading groups were significantly 283 and positively associated with the increases to total and ultradistal iBMC, iBMD, ecBMC, and 284 ecBMD. Fifty-six and 52% of the variance in change to ultradistal and total iBMD, respectively, 285 was explained by group membership of these subjects (Table 3) After three months, membership in the low and high magnitude loading groups explained 294 up to 17% of the increases in Tt.BMD compared to the control group (Supplemental Table 1 ).
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